Growing home comfort is causing increasing energy consumption in residential buildings and a consequent stress in urban medium and low voltage distribution networks. Therefore, distribution system operators are obliged to manage problems related to the reliability of the electricity system and, above all, they must consider investments for enhancing the electrical infrastructure. The purpose of this paper is to assess how the reduction of building electricity consumption and the modification of the building load profile, due to load automation, combined with suitable load control programs, can improve network reliability and distribution efficiency. This paper proposes an extensive study on this issue, considering various operating scenarios with four load control programs with different purposes, the presence/absence of local generation connected to the buildings and different external thermal conditions. The study also highlights how different climatic conditions can influence the effects of the load control logics.
Introduction
Increasing home comfort is causing increased energy consumption in residential buildings and consequent stress on cities' medium and low voltage (LV) networks [1] [2] [3] . For this reason, Distribution System Operators (DSOs) have to manage problems related to the reliability of the power system and, above all, they must plan new investments for enforcing the electrical infrastructure [4, 5] . Nevertheless, in general, DSOs tend to postpone this kind of investment, preferring more flexible measures for mitigating the effects of the growing consumption and, at the same time, for increasing the technical life of the existing infrastructure. These measures are mainly based on demand-side management (DSM), that is, activities aimed at encouraging end-users to engage in smart energy utilization [6, 7] . DSM has a large number of benefits for distribution systems: for example, it may slow down the annual peak load growth rate, decrease the overall energy consumption due to the building sector, reduce power system losses, decrease greenhouse gas (GHGs) emissions due to buildings' load usage and, finally, postpone investments for enhancing the power distribution grid. In this context, the proposed paper investigates the effects on the distribution grid of some control logics (defined in Reference [8] ) implemented in Building Automation and Control (BAC) systems for residential buildings also in the presence of distributed generation from renewable energy sources (RESs).
With regards to similar studies in the literature, some recent research has examined the impact of distributed generation (DG) on power losses, reliability improvement and voltage stability [9, 10] . Table 1 . Load control logics.
Control Logic Description Task

Comfort
All the electric loads of the house are supplied and maximum comfort is guaranteed in terms of internal temperature and usage possibility. The controllable loads are managed in order not to exceed the maximum available power, ensuring the continuity of supply.
Maximum comfort Maximum continuity of supply Economy
The minimum purchase cost of electricity to the user is always guaranteed. The house energy management system (EMS), every ten minutes, optimally configures the loads' supply to ensure both the minimum expense for electricity and a complete compliance with the constraints of the power system.
Minimum expense for electricity Energy
A pre-established threshold of energy consumption or the daily economic expenditure for electricity is not exceeded. The user decides the threshold and the time period (one day, one week, etc.). EMS notifies the user of the average daily consumption allowed to reach the set target
Maintain energy consumption below a given threshold
Net-Service
This logic allows the DSO to manage the controllable loads of the house in a fixed period of time. Therefore, the DSO can mitigate the power peak of the user load diagram. The user can choose one of the control logics listed above to achieve specific targets (i.e., energy saving, economic saving).
Allow the DSO to manage controllable loads consumption
As an example of the operation of the above-described control logics, Figure 1 shows the daily power profiles for a typical summer day in an apartment in Palermo (South Italy), characterized by the loads presented in Table 2 . The graphs in Figure 1 clearly show how the control logics are able to substantially modify the load profile of the apartment. 
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Evaluation of the Impacts on the Distribution Network
Model of the Network
For the evaluation of the impact of the control logics on the distribution grid, a computer simulation was performed on a test network implemented in a NEPLAN v. 553 [15] environment, the topology of which is shown in Figure 2 . The network, representing a classical scheme adopted in urban areas, comprises the following elements:
• LV lines feed residential user groups only. The loads listed in Table 2 are considered installed at every user's facility.
The software allows implementation of the demand management logic for each individual load. The daily load profiles of residential users were calculated using a Monte Carlo approach using the software presented in Reference [8] . NEPLAN allows, through a special editor, the creation of very complex load profiles: The network, representing a classical scheme adopted in urban areas, comprises the following elements:
• Table 2 are considered installed at every user's facility.
The software allows implementation of the demand management logic for each individual load. The daily load profiles of residential users were calculated using a Monte Carlo approach using the software presented in Reference [8] . NEPLAN allows, through a special editor, the creation of very complex load profiles:
• hourly level; • seasonal level-articulating the load profiles changing trends for seasonal scales; • annual level-entering the trend of growth or decrease in power consumption every year.
Simulation Results
The simulations of the system shown in Figure 2 Latitude and altitude influence the climatic data used by the simulator to estimate the daily consumption for cooling and heating and, therefore, for the simulation of the air-conditioning system. Table 3 reports the maximum summer and minimum winter temperatures for the three cities considered in the simulations, according to the Italian Standard UNI 10349 [28] .
Latitude also influences the irradiation values used for the calculation of the daily production of energy by a photovoltaic (PV) generator connected to the house. The same Decree does not give useful indications for estimating the activation time of the air-conditioning system during summer. Therefore, for the three cities, an equal activation time of 8 hours per day has been assumed.
The average daily load diagrams (summer and winter) of a typical house, as reported in Reference [8] , were determined both in the presence and absence of a 3 kW PV generator. The production of the generator for every season and location was calculated assuming the daily irradiation data from the Joint Research Centre Photovoltaic Geographical Information System (JRC PVGIS) Database [30] .
The diagrams were calculated for the following scenarios:
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The following assumptions were made for simulating the effects of the control logics:
• in every scenario, the Building Management System (BMS) of each apartment is able to manage the following loads: air-conditioning system, lighting system, dishwasher, washing machine; • the power demand of the air-conditioning system can be modulated by acting on the temperature set-point but without disturbing significantly the inhabitants' comfort; • the lighting system can be controlled by switching off the light in the absence of people in a room or by making it follow natural light for assuring a minimum illuminance value in all the occupied rooms; • dishwasher and washing machine activation time can be shifted in time according to the need of the BMS; • in the Comfort scenario, the maximum power demand for each apartment was set equal to 4.5 kW (ordinary residential users in Italy with air-conditioners and electric storage water heater); • in the Economy scenario, the three pricing periods named F1, F2, and F3, according to Italian regulation [31] were considered. F1 comprises weekdays from 8:00 to 19:00 (electricity cost 0.076 €/kWh); F2 comprises weekdays from 7:00 to 8:00 and from 19:00 to 23.00 and Saturday from 7:00 to 11:00 (electricity cost 0.063 €/kWh); F3 comprises all remaining hours in a week and holidays (currently it has the same electricity cost of F2 for residential users); • in the Energy scenario, the threshold for the daily energy consumption was set to 11 kWh; • in the Net-Service scenario, the threshold for the maximum power demand was set equal to 2 kW for each apartment.
Figures 3-5 represent the daily load diagrams of one of the primary substations for a typical summer (S) and winter (W) day, both in the presence (FV) and in the absence (NFV) of photovoltaic generators. To simplify the study, spring and autumn have not been evaluated, considering that the proposed control logics mainly act on the air-conditioning system of the house, not used during intermediate seasons.
The results of the simulations carried out for a time interval of one year on the test network are shown in Tables 4-9. The tables report some values useful for evaluating the impact of each control logic on the total energy consumption of the buildings and on the energy losses in the network. Although Tables 4-9 provide sufficient information regarding the effects of the control logics, Figures 3-5 are reported as an example of how the control logics modify the shape of the daily power profile. With reference to the power peak, for example, the considered control logics sometimes reduce the daily power peak, sometimes they shift it to a different hour and sometimes they increase it (for example as an effect of the Economy control logic that, reducing the daily cost for energy purchase, creates a concentration of loads in the F2/F3 pricing period). 01  02  03  04  05  06  07  08  09  10  11  12  13  14  15  16  17  18  19  20  21  22 As is clear from the results presented in the tables, each scenario allows for a reduction in electricity losses in the grid, which is lowest in the case of S.2-Economy. This scenario's final aim is to obtain a reduction in the cost of electricity for the user and not a reduction in consumption, shifting the loads to the period of the cheapest price of the day. The Comfort (S.1) and Energy (S.3) scenarios work by levelling the loads, obtaining, thanks to the mitigation of the power peaks, a substantial reduction in energy losses in the network. This reduction is generally higher in the presence of PV generators.
The Net-Service has to be considered an "emergency" scenario, applicable for short periods except in the case of deferment of investments for the power supply of the network. In this case, the decrease in energy losses is approximately equal to that of the Energy scenario.
Power loss reduction increases from South to North: this is due to the fact that in Turin, particularly on a typical winter day, the losses in the traditional scenario are very high because the energy demand is very high for heating. Moving from conventional heat pump control to power modulation, controlled by the Decision Support and Energy Management System (DSEMS), a very significant reduction in losses was achieved.
This reduction in the network's energy losses generates a significant economic impact which, in fact, represents an incentive for distributors. Tables 10 and 11 show the economic savings for TWh (with and without PV) considering a cost of 0.19 €/kWh for LV electricity. Tables 10 and 11 show that the action of the four control logics leads to a reduction of the operative costs of the grid; the highest economic saving is obtained for Turin in the Energy scenario with PV systems.
It is worth underlining that, in Italy, energy loss reduction in distribution systems is financially supported through the so-called Energy Efficiency Certificates mechanism, which is a further boost for the DSOs for the promotion of load control actions.
The decrease in annual energy consumption and energy losses also allows a reduction of CO 2 emissions into the atmosphere, assessed on the basis of Reference [32] and reported in Tables 12-14 for the three different locations. CO 2 emission reduction is more visible in the North-where energy consumption for heating during the winter is the highest-and also in the Energy scenario. In this scenario, CO 2 emission decreases by 12-32% and by 32-50% in the absence and the presence of PV systems, respectively.
As mentioned previously, one of the most important objectives is the postponement of investments for the strengthening and extension of the electricity grid and its components, and thanks to the data obtained from the simulations, some considerations can be made in this regard.
As a simplification hypothesis, it is assumed that the traditional scenario S.0 of year 0 is characterized by the maximum peak value that can be borne by the test network.
The postponement of the investment was calculated considering the scenario of Net-Service for which, by hypothesis, a threshold of the peak power of 2 kW for each house was guaranteed; for this scenario, an increase of 2% per year of the total power peak was also considered. Applying this control logic, the power peak decreases by the percentages reported in Table 15 for the three cities. Table 15 also reports the number of years after which the maximum peak is reached after the application of the Net-Service control logic. The results obtained depend strongly on the control logic implemented, the action of which is substantially connected to the control of the air-conditioning system. For this reason, the results are infamously influenced by the latitude of the considered position and therefore by the external temperature. Also in this case, the most beneficial effects are visible for Turin.
Lastly, it is worth noting that the present work does not consider the possibility of applying the same control logic to tertiary buildings, which would certainly contribute to a further reduction in overall energy losses and CO 2 emissions [33] .
Conclusions
This paper has presented a study focusing on the impact on the LV and MV utility grid, in terms of power peak, CO 2 emissions and energy losses reduction, of four control logics suitable for managing electric and thermal loads in residential buildings.
Simulations show the benefits for the electrical power system of such a kind of control, in particular in terms of the deferral of strengthening measures for grids operating close to their maximum capacity. Indeed, DSOs could take advantage of situations of high penetration in a given area of BMS and BAC systems, especially when the BMS is designed for enabling the DSO to directly control the end-users' loads (e.g., the Net-service scenario). Such a function would be in line with the new requirements for distributed generation control both at LV and MV levels [34] , reported in the Italian Standards CEI 0-16 and CEI 0-21, that enable the DSO to manage the inverters in specific situations. The current obstacle to this scenario is the still high cost of automation that, as done for PV systems [35, 36] , needs some specific financial support policies for becoming competitive and a common requirement for residential electrical systems.
Looking at the results of the simulation, with regards to the control logics' effect, the following main conclusions can be drawn:
• different control logics, although acting on the same loads, can produce significantly different effects on the power grid in terms of energy consumption and power losses reduction;
• the same control logic implemented in the same house but in the presence of different climatic conditions produces significantly different effects both on the power profile of the single house and on the aggregated load profile of the community of end-users.
These results have important implications for the design of future load control logics to be implemented in residential buildings, considering also the new opportunities offered by the flexibility market. In particular, DSOs must carefully consider the impact of the control of air-conditioning systems on the building's electrical power profile and must evaluate this impact, taking into account the specific temperature profile of the area where the grid is located.
Moreover, it is worth noting that the designer that applies the approximate BAC factor method (EN 15232 Standard [37] ) for a preliminary evaluation of the energy savings due to automation, should seriously consider the limits of this method. The method, indeed, does not take into account the impact of the external temperature profile that can be very different from city to city and from country to country.
Finally, the control logics considered in this study have not been specifically designed looking at the grid but only pursue some objectives for the single end-user. Therefore, future studies will consider the possibility of taking into account the effects of control logics for clusters of aggregated final end-users [38] for providing services to the DSO in view of economic benefits.
